Theoretical investigations of the pentaquark states which were recently discovered provide important information on their nature and structure. It is necessary to study the spectroscopic parameters like masses and residues of particles belong to the class of pentaquarks and ones having similar structures. The mass and pole residue are quantities which emerge as the main input parameters in exploration of the electromagnetic, strong and weak interactions of the pentaquarks with other hadrons in many frameworks. This work deals with a QCD sum rule analysis of the spin-3/2 and spin-5/2 bottom pentaquarks with both positive and negative parities aiming to evaluate their masses and residues. In calculations, the pentaquark states are modeled by molecular-type interpolating currents: for particles with J = 5/2 a mixing current is used. We compare the results obtained in this work with the existing predictions of other theoretical studies. The predictions on the masses may shed light on experimental searches of the bottom pentaquarks.
I. INTRODUCTION
The announcement by the LHCb Collaboration [1] on the observation of the two charmed pentaquark states placed the subject under the spotlight in both theoretical and experimental sides. The non-conventional internal quark structure of these states, which are excluded neither by the naive quark model nor by QCD, puts them at the focus of increasing interests. Many experimental studies have conducted to prove existence of these particles as well as to explore their internal structures. Parallel theoretical studies on the nature of these exotic baryons are in progress.
The experimental searches for the pentaquark states have a long and controversial story. We refrain from listing all those searches and refer the reader to Ref. [2] and references therein for a full history. Although their existence was predicted many decades ago by Jaffe [3] and their properties were worked out in many theoretical studies (see for instance Refs. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ), the searches on the pentaquarks ended up in positive results recently and the two pentaquark states, P − p decays with masses 4380 ± 8 ± 29 MeV and 4449.8 ± 1.7 ± 2.5 MeV, spins 3/2 and 5/2 and decay widths 205 ± 18 ± 86 MeV and 39 ± 5 ± 19 MeV, respectively [1] . There are other states which are interpreted as other possible pentaquark states. In Refs. [15] some of the newly observed Ω c states by LHCb [16] were considered among possible pentaquark states. Also, in Ref. [17] the states N (1875) and N (2100) were stated to be possible strange partners of P + c (4380) and P + c (4450), respectively.
The observation of LHCb boosted intense theoretical works to provide an explanation of the properties of these states. Via different models such as, diquark-triquark model [18] [19] [20] , diquark-diquark-antiquark model [18, [21] [22] [23] [24] [25] [26] , meson baryon molecular model [18, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , and topological soliton model [37] , their properties and substructures were investigated. A review on the multiquark states including pentaquarks and their possible experimental measurements can be found in Ref. [38] . Some of the recent investigations have considered other possible substructures for the pentaquark states. Beside the mass of the hidden-charmed molecular pentaquark states the mass of charmed-strange molecular pentaquark states, and other hidden-charmed molecular pentaquark states, which are named as P ′ c (4520), P ′ c (4460), P cs (3340) and P cs (3400), were predicted in Ref. [34] . The same work also contains the predictions on the masses of hiddenbottom pentaquark states with molecular structure. In Ref. [39] besides the P + c (4380) state the possible existence of hidden bottom pentaquarks with a mass around 11080 − 11110 MeV and quantum numbers J P = 3/2 − was emphasized, and it was indicated that there may exist some loosely-bound molecular-type pentaquarks with heavy quark contents cb, bc or bb. For such type of pentaquark states the mass predictions were presented in Ref. [40] . In this work, using a variant of D4-D8 brane model [41] , the mass of charmed and bottom pentaquarks were predicted as Mc c = 4678 MeV,
MeV and Mb b = 11496 MeV. See also references [42, 43] for more information on the properties of the charmed and bottom pentaquark states using the coupled-channel unitary approach as well as [44] [45] [46] [47] on the structure of the pentaquarks and triangle singularities.
In the light of all these developments, it is necessary to explore the pentaquarks to gain constructive information on their nature and substructures. If one considers the historical development of the particle physics, the observations of the particles are sequential. The observation of baryons containing a c quark was followed by the observation of similar baryons containing a b quark. Therefore it is natural to expect a possible subsequent observation of the bottom analogues of the observed pentaquark states. Investigations of their spectroscopic and electro-magnetic properties, as well as their strong and weak decays supply beneficial information for the future experimental searches. In addition to this, further theoretical studies are helpful to get insights into the nature of these particles, as well as into the dynamics of their strong interactions by comparing the results with the existing theoretical predictions and experimental data. Starting from this motivation, in this work we extend our previous study on the properties of charmed pentaquarks [2] and calculate the masses and residues of the pentaquark states P b with J = 3/2 and J = 5/2 by considering both the positive and negative parity states. For this purpose, we use the QCD sum rule method [48, 49] , interpolating currents of the molecular form for the states with J = 3/2 and a mixed molecular current for those states having J = 5/2. For the latter we optimize the mixing angle according to the standard prescriptions.
The present work is organized in the following way. In Sec. II calculations of the mass and residue of hidden bottom pentaquark states are presented. Section III is devoted to the numerical analysis and discussion on the obtained results. In Sec. IV we summarize our results and briefly discuss prospects to study decays of the pentaquark states. Some spectral densities used in calculations are moved to the appendix. This section presents the calculations of the masses and residues of the hidden bottom pentaquark states with J = 3/2 and J = 5/2. In both cases we consider the positive and negative parity states. To begin the calculations, for the state with J = 3/2 we use the following two point correlation function:
where JB * Σ b µ (x) is the interpolating current having the quantum numbers J = 3 2 − [33] . This current couples to both the negative and positive parity particles, and its explicit expression is given as:
For the states with J = 5/2 the correlation function has the following form:
where J µν (x) is the interpolating current, which also couples to both the positive and negative parity states. This current is chosen as a mixed current composed of JB
and JB * Λ b µν [33] :
where θ is a mixing angle that should be fixed, and
The above correlation functions are calculated in two different ways. On the side of phenomenology, one inserts a complete set of hadronic states with the same quantum numbers as the interpolating currents into the correlation functions. This calculation comes up with results containing hadronic degrees of freedom such as masses and residues. On QCD side, the same correlation functions are calculated in terms of QCD degrees of freedom. Finally, the coefficients of the same Lorentz structures obtained in both sides are matched and QCD sum rules for the desired physical parameters are obtained.
In the case of states with J = 3/2, the procedure summarized above for the physical side leads to the result
where m 
A similar result for the correlation function corresponding to J = 5/2 states is obtained:
with the matrix elements defined as
In these equations m 5 2 + and m 5 2 − are the masses of the spin-5 2 states having positive and negative parities, respectively. Using the matrix elements parameterized in terms of the masses and residues and performing the Borel transformation, the physical side is found as
for pentaquark states with spin-3/2, with M 2 being the Borel parameter. Here, g µν and / pg µν are structures that give contributions to only the spin-3/2 particles. By choosing these structures we eliminate the unwanted spin-1/2 pollution. In the case of hidden bottom pentaquarks with spin-5/2 we find
where we kept again only the structures that give contributions to the spin-5/2 particles and ignored other structures giving contributions to the spin-3/2 and spin-1/2 particles. The calculation of the correlation function in terms of QCD degrees of freedom is the next stage of the calculations. In this part, the interpolating currents of the interested states are substituted into the correlation functions and the quark fields are contracted through the Wick's theorem. This procedures end up in finding the correlation functions in terms of the light and heavy quark propagators. Using the quark propagators in coordinate space as presented in [2] we apply the Fourier transformation to transfer the calculations to the momentum space. To suppress the contributions of the higher states and continuum we apply the Borel transformation as well as continuum subtraction and use the dispersion integral representation. At the end of this procedure we obtain the spectral densities as the imaginary parts of the functions corresponding to all selected structures.
The calculations of physical and theoretical sides are followed by the selection of the coefficients of the same structures from both sides and their matching to obtain the relevant QCD sum rules that will give us the physical quantities of interest. The final forms of the sum rules are obtained as (g µρ g νσ + g µσ g νρ )/2 and / p(g µρ g νσ + g µσ g νρ )/2, respectively on the side of QCD. These functions are written in terms of the spectral densities as:
where, j = m or p. The spectral densities can also be written in terms of the perturbative and nonperturbative parts as
where ρ j J,k (s) represents the nonperturbative contributions to the spectral densities. As examples, we present the perturbative and nonperturbative parts of the spectral densities corresponding to the structures g µν and (g µρ g νσ + g µσ g νρ )/2 in terms of the the integrals over the Feynman parameters x and y in the appendix.
As is seen, the sum rules contain four unknowns in each case which include the masses and residues of considered states. We need two extra equations in each case that are obtained by applying a derivative with respect to
to both sides of the above equations. By simultaneous solving of the obtained equations' sets one can obtain the masses and residues of the particles with both parities in terms of the QCD degrees of freedom as well the Borel parameter, continuum threshold and mixing angle in the case of spin-5/2 particles.
III. NUMERICAL RESULTS
The input parameters that are needed in the numerical analyses of the obtained sum rules in the previous section are collected in table I. Note that in the numerical calculations we use the b quark pole mass and the masses of light u and d quarks are taken as zero. It is well known that the parameters of the bottom systems depend on the b quark mass, considerably. However, our numerical analyses show that the results of physical quantities under consideration show more stability with respect to the changes of the auxiliary parameters when the b quark pole mass is used compared to the one that the b quark running mass in MS scheme is taken into account. Our analyses also show that when we use the b quark pole mass we achieve higher pole contributions in all channels compared to the case of b quark running mass. Therefore, we choose the b quark pole mass to numerically analyze the obtained sum rules.
The next step is to determine the working intervals for two auxiliary parameters, namely the continuum threshold s 0 and the Borel parameter M 2 . For the determination of the Borel window, the convergence of the series of OPE and the adequate suppression of the contributions coming from the higher states and continuum are taken into account. These lead to the interval
for both states. The pole dominance and OPE convergence are also considered in determination of the working region for the threshold parameter which is obtained as
for J = 
for J = 5 2 states with negative and positive parities. Note that the above intervals for the continuum threshold are valid for both the b quark pole mass and running mass in MS scheme. The calculation of the desired parameters of spin-5/2 states with the chosen interpolating current also requires determination of another auxiliary parameter which is the mixing angle entering the interpolating current. We look for a working interval for this parameter such that our results depend on it relatively weakly. Our analyses show that the dependence of the results on cos θ in the region −0.5 cos θ 0.5 for both the masses of the positive and negative parity pentaquarks with J = 5 2 is weak (see figure 1) . We use cos θ to easily sweep the whole region by varying it in the interval [−1, 1]. It is worth nothing that the pole quark mass together with the above intervals for the auxiliary parameters lead to maximally 78% and 79% pole contributions in spin-3/2 and spin-5/2 channels, respectively, which nicely satisfy the requirements of the QCD sum rules calculations. As examples, the dependence of the masses and residues of the hidden bottom pentaquark states with spin-5/2 on M 2 at different fixed values of s 0 are shown in Figs. 2 and 3 . From these figures it can be seen that the choices for the working intervals ensure the requirement of weak dependency of the results on these auxiliary parameters.
In this part, to see how the results depend on the b quark mass, as an example, we compare the mass of the pentaquark state with J P = Fig. 4 . From this figure it is obvious that the mass of this state changes with amount of 3.2% in average when switching from the pole mass to the running mass. This amount becomes considerably large in the case of residues. However, as is seen from this figure, the mass of this state is more stable with respect to the changes of the auxiliary parameters when the b quark pole mass is used compared to the case of b quark running mass. The masses of other states and especially the residues of all particles under consideration are also found to be more stable for the case of b quark pole mass. Having established the intervals required for the auxiliary parameters M 2 and s 0 , in the next step these regions are −0.27 GeV. Though our predictions for the masses of these states are in agreements with the results of Ref. [33] considering the errors, the central value in our case is considerably low (high) for J P = 3/2 − (J P = 5/2 + ) state compared to the predictions of Ref. [33] . Our results on the residues as well as the masses of the opposite-parity states can be checked via different theoretical approaches. The results of this work on the masses may shed light on future experimental searches especially those at LHCb.
IV. SUMMARY AND OUTLOOK
In this work the masses and residues of the hidden bottom pentaquarks with quantum numbers J = 3/2 and J = 5/2 and both the positive and negative parities have been computed using the QCD sum rule method. We adopted a molecular current of theB * meson and Σ b baryon to explore the states with J = 3/2, while a mixed molecular current ofB meson and Σ * b baryon withB * meson and Λ b baryon have been used to interpolate the states with J = 5/2 and both parities. After fixing the auxiliary parameters, namely the continuum threshold and Borel parameter for both the spin-3/2 and spin-5/2 states as well as the mixing parameter in spin-5/2 channel we found the numerical values of the masses and residues and compared the obtained results on the masses with the existing results of other theoretical studies. Although our predictions for the masses of the negative parity spin-3/2 and positive parity spin-5/2 states are in nice consistencies with the results of Ref. [33] considering the uncertainties, the central value in our case is considerably low (high) for J P = 3/2 − (J P = 5/2 + ) state compared to the predictions of Ref. [33] . Our results on the masses of the opposite parity states as well as the residues can be verified via different theoretical studies. These results may shed light on the future experimental searches especially those that are conducted at LHCb.
Our predictions for the masses of the considered states allow us to consider the decay modes like the S-wave Υ(1S)N , Υ(2S)N , Υ(1S)N (1440), Υ(1D)N and possiblyB * Σ b decay channels for the spin-3/2 hidden bottom pentaquark states, as well as the S-wave Υ(1S)∆, P -waveB
N and D-wave Λ b B channels for the spin-5/2 decays. Investigation of these decay channels may provide valuable information for the experimental studies and help one to understand the structure of these particles, as well as their interaction mechanisms. We shall use our present results for the masses and residues of the pentaquarks in our future studies to analyze such strong decay channels. 
